Three-dimensional (3D) structuring of polymers by tightly focused femtosecond laser pulses and interference is demonstrated. Photo-structuring by the tightly focused sub-1 ps laser pulses realizes a direct laser writing inside dielectric materials without self-focusing. Photo-polymerization of 3D photonic crystal templates with photonic stop bands in IR-spectral region has been achieved. Holographic photo-polymerization of photonic crystal templates with counter-propagating beams was numerically modeled. Three-dimensional structures with an axial period smaller than the lateral can be recorded using the counter-propagating beam alignment. Photopolymerization of large-area polymeric structures with a high surface-to-volume ratio is demonstrated.
INTRODUCTION
Three-dimensional (3D) laser micro-structuring of crystals and glasses by short, sub-1 ps, pulses can be realized since a very high pulse irradiance (∼ 1 PW/cm 2 ) is obtained without self-focusing inside dielectrics. 1, 2 Photopolymerization of resins and resists by pulses of 100-200 fs requires much lower irradiance (< 1 TW/cm 2 ) and pulses of sub-1 nJ energy focused into a spot size comparable with the wavelength, λ = 0.8 − 1.0 µm creates conditions for efficient cross-linking or its initiation, which is later accomplished by a post-fabrication annealing.
The 3D-structured materials are prospective in various fields of modern science and technology. They can function as elastic micro-dumpers, storage tanks in fuel cells, super capacitors, scaffolds for bio-materials and implants, etc. It was recently demonstrated, that photo-polymerized templates of logpile and spiral photonic crystals (PhCs) have elastic properties similar to foams.
3 Differently form the self-organized foams, where there are micro-volumes which are not accessible for microfluidic flows and fuel/charge storage, 3D structures recorded holographically can be made fully permeable by implementing phase control of interfering beams. [4] [5] [6] Circularly polarized laser beams can be used to accomplish the same task as phase retarder plates, since, a circularly polarized beam can be represented as a combination of two perpendicularly polarized beams with a phase shift of π/2. 7 In the case of five beam interference this results in formation of a diamond-like logpile instead of a body-centered tetragonal structure. 8 Here, we report on mechanical properties of 3D photo-polymerized structures. The 3D structures can be used as photonic crystals or cellular materials for microfluidics, micro-shock absorbers, large-surface-area storage materials in fuel cells and super capacitors.
EXPERIMENTAL DETAILS
3D structures were photo-polymerized in a negative SU-8 resist using 150 fs duration pulses of 800 nm central wavelength. Both, direct laser writing 2, 9 and holographic recording 10 were used for photo-polymerization. Structural analysis of fabricated samples was carried out by scanning electron microscopy (SEM). 
RESULTS AND DISCUSSION
In the following sections we discuss the mechanism of photo-polymerization, mechanical properties of a single spiral, and recording of 3D structures by interference.
Laser microfabrication of 3D-structured cellular materials
The direct laser writing can be used to photo-polymerize the focal volume of a tightly focused laser beam. We, first, define the focal volume where nonlinear absorption is taking place, then, discuss elastic properties of single photo-polymerized spirals and PhCs. By 3D scanning of the focal spot, a photo-polymerization of different complex patterns, cellular materials, can be achieved.
Focal volume and nonlinear photo-polymerization
In direct laser writing, the focal volume of a tightly focused laser beam defines the photo-modified volume depending on the mechanism of absorption. In the case of two-photon absorption (TPA), the photo-polymerized volume is expected to be defined by the Intensity 2 of the Gaussian pulse, the intensity point spread function (IPSF 2 ), which can be assumed to be Gaussian. By a 3D integration of a Gaussian distribution one would find 11 :
where the 1/e-cross sections of the IPSF 2 are given by:
These are cross-sections of the focal volume where TPA absorption takes place.
It should be noted, that the amount of TPA is usually not known at the wavelength of laser fabrication since the most precise method of TPA determination, the z-scan, can not be applied at irradiance of ∼TW/cm 2 . The nonlinearity of photo-polymerization can be achieved by multi-photon absorption, which is seeding the more efficient electron generation via avalanche, a linear process, at such irradiance. Also, the nonlinear photopolymerization reactions with a chemical enhancement, present in SU-8, plays an important role. Figure 1 shows a photo-polymerized line with micro-volumes photo-polymerized by single-pulses which were overlapped by more than 70% of the focal spot diameter. Pulse of ∼ 0.5 − 1nJ energy when focused by an objective lens of numerical aperture of 1.35 delivers irradiance in ∼TW/cm 2 for a 150-200 fs pulse at 800 nm wavelength. Such solidified micro-volumes result from photo-polymerization by the nonlinear absorption as discussed above. The voxels (volume elements) photo-polymerized by single-pulses are discernable only at the end of suspended lines but not within the region of the main logpile structure. This is most probably due to the chemical amplification of polymerization during the post-exposure annealing, when diffusion of a photogenerated acid is considerable. This diffusion limits achievable separation between the photo-polymerized logs in the structure. The diffusion affects polymerization on a lesser extent when separation of neighboring features becomes larger as at the ends of logpile structure.
Linear vs. nonlinear ionization
The linear and non-linear absorption of light are the pathways of energy delivery for photo-polymerization and photo-modification in general by laser pulses. Here, we estimate probabilities of the fundamental transition (the one-photon absorption) and two-photon absorption (TPA) by the one and two-photon photo-effect, correspondingly. The probabilities are calculated for electron transition into a free electronic state. The one-photon probability calculated by Fermi golden rule for the hydrogen-like 1s → p transition is given by 12 :
where J is the ionization potential, E 0 is the amplitude of electric field, ω is the photon energy, a 0 = 2 /(me 2 ) is the Bohr radius, e and m are the electron charge and mass, respectively. The eqn. 3 can be used to calculate transition from the bound electronic state (1s) into the continuum of states where electron energy is defined by the momentum p.
The probability of the two-photon photo-effect was calculated by the Fermi golden rule using a 2nd-order perturbation theory is 12 :
This equation is an exact solution of an electron transfer from a single discrete level inside a potential well into a free unbound state (zero-energy) position, i.e., the two photon photo-effect. Figure 2 shows the probability of two-photon ionization at the wavelength of 800 nm for the ionization potential of J = 3.1 eV. For comparison a single photon transition rate at 400 nm is also plotted (curve (1)). The field strength of approximately 1.4 × 10 9 V/cm is necessary for the both rates to become comparable. The comparison between fundamental and two-photon absorption given above is relevant for ionization of Al atom, TiO 2 , SiC, and some glasses. The discussion above illustrates that the nonlinear absorption occurs at very high electric field strength, which is related to the laser irradiance. 
Elastic properties of a photo-polymerized single spiral
Photo-polymerized springs and cantilevers (see, Fig. 1 ) can find number of applications in MEMS and sensor fields. The diameter of "wire", coil's radius, axial pitch, and length can be easily controlled by direct laser writing in the case of spirals. A circular spring of a circular wire will change its height by length, f , under axial load, P , according to 13 :
where R is the radius of coil measured from the spring axis to center of wire, d is the diameter of circular wire, P is compressive (or tensile, −P ,) load, n is number of active turns in spring (for compression n is less by 2 when the first and end turns are counted), α is the pitch angle of spring, ν is the Poisson's ratio, G is the shear/rigidity
, where E is the Young modulus. The other wire shapes result in slightly different coefficients, however, a functional dependence is the same as given by eqn. 5. 13 The spring constant of a helical spring of circular wire is 14 :
where L is the height of spring. For a typical set of parameters: a coil radius R = 750 nm, a wire diameter d = 500 nm (this is an approximation since the polymerized wire had an elliptical cross-section due to axially extended focal intensity distribution), a vertical pitch of spiral c = 2.64 µm, number of vertical periods n = 4 (the total height of structure L 10 µm), and E 4 GPa for a fully cross-linked SU-8, one gets the spring constant k = 1.72 N/m from eqn. 6. The load of P = 1 mN should generate compaction of a l = 10 µm tall structure by f = 2.3 µm according to eqn. 5. If we consider that the load is equally distributed over the number of independent springs, each taking the load P , within the footprint of a 30-µm-diameter punching press and ν = 0.2 (this is an experimental condition reported in ref.
3 ), the same f/l = 0.23 strain would result.
Compression tests
Structural rigidity of logpile and spiral photo-polymerized structures was carried out. Figure 3 summarizes the load-displacement test on logpile and spiral structure by a flat punch compression over a 30 µm diameter. In logpile, the lateral and axial separation between logs and planes was 2.5 and 1.2 µm, respectively. The first test shows that the structure become inelastically altered at approximately ∼ 10 mN load, at which the compression The properties of the structures are summarized in Table 1 . The markers are larger than the error bars beyond the elastic region till approximately strains of 0.2. In some of the tests sliding and detachment of PhC structures occurred when slightly off-axial compression was applied. It was presumably caused by buckling.
The ratio of the density of an entire PhC to the density of a cell wall material determines the structural elastic properties. It should be noted that the structures photo-polymerized by the direct laser writing with a close-to-Gaussian intensity distribution usually produces a self-similar distribution of polymer cross-linking due to accumulated exposure and temperature distribution. 15 Hence, the elastic modulus is not uniform across the cross-section of polymerized wire, a phenomenon typical for photo-polymerized structures.
16, 17
In the studied logpile and spiral (with a circular and square footprint) structures we observed the same bending dominated foam-like behavior. Hence, it can be expected that the structural modulus of the PhC structures will scale with the relative mass density, ρ r = ρ/ρ s (ρ s is the density of bulk material), following the established dependence E ∼ E s × ρ 2 r , [18] [19] [20] here E s is the Young modulus of a fully cross-linked solid polymer in our case. As a result, by changing the volume fraction of material in PhC both the elastic and the optical properties can be controlled. The observed behavior of the polymerized PhC templates upon loading showed bend-dominated response in contrast to the strut-like structures which exhibit sharp catastrophic collapse to the plateau region right after the elastic limit is surpassed. 20 The bend-dominated response is preferable for mechanically tunable PhC crystal applications at large elastic strains because they provide a larger safe margin of operation before transition into the plastic and therefore irreversible deformation of the plateau region.
Holographically formed 3D structures
Holographic recording is realized by interference of several laser beams. A diffractive optical element (DOE) is useful for creation of required number of beams. When used in combination with a standard scaling telescope, a fulfilment of a space-time coincidence of ultra-short pulses in the interference volume is inherently provided. 10, 21, 22 Typical pattern photo-polymerized in SU-8 by interference of five beams is shown in Fig. 4 . The area approximately of ∼ 1 mm in cross-section can be photo-polymerized in an one step exposure of tensof-seconds. All five femtosecond pulses (150 fs/800 nm) coincide forming intensity distribution, which can be controlled by the phases of the beams. [4] [5] [6] After development, such structures have a large surface area to volume ratio. It might be useful in application where such property is required, e.g., fuel cells, super capacitors, or super adhesives. Moreover, such polymer patterns can be coated by noble, catalytic, or magnetic metals using a simple chemical electro-less deposition by dip-coating. Recently, electro-less coating of SU-8 logpile patterns by nickel, which has the relative magnetic permeability only twice lower than that of magnetic iron, was demonstrated. The reflection spectrum of such metallo-dielectric PhC structures can be engineered for IR-applications where they act as band-edge filters. 23 Conductivity of 3D polymeric structures coated by metals can be further exploited for the electro-less or electrochemical plating by other metals. Once surfaces acquire electric conductivity, they can be used in super capacitor or electrophoretic applications.
Collapse of 2D patterns due to capillary drainage
Distortion of photo-polymerized 3D/2D/1D structures by a wet post-exposure processing is a common problem. We discuss bellow a collapse of 2D structures which are prospective for fabrication of molds and templates suitable for replication of the patterns in mass production.
The collapse of 2D pillar pattern can be understood as an energy minimization process. The surface energies of solvent and pillars' material are determining the radius of meniscus as schematically shown in Fig. 5(a) (corresponds to the wetting or hydrophilic conditions). Upon drying and evaporation the level of solvent decreases forcing neighboring pillars to approach each other. Since pillars are elastic, the system solvent-pillars can minimize its energy (the area of surface) by switching to the more energetically favorable conformation shown in Fig. 5(b) . The same energy minimization explains not only one directional (say along x-axis) collapse but also collapse along the perpendicular direction. Once the pattern collapsed in one direction as shown in Fig. 5(b) the pair of pillars (as a structure) is more flexible in y-than x-direction. Hence, upon further drying the pattern is prone to collapse along y-axis. When meniscus is receding, the same curvature of solvent surface (the meniscus) will not collapse the structure further since the effective height of the structure becomes smaller. So, once the dislocation lines appears, they will not be removed from a 2D PhC structure. After solvent is evaporated, the pillars are kept connected by the van-der-Waals force. Since the van-der-Waals force scales with separation, l, as
it is difficult to recover the 2D pattern of free-standing pillars by sample post-processing. The same capillary forces are important in development of 3D PhC templates as shown in Fig. 4(c) , where a pattern change due to the capillary drainage is evident.
The critical Young's modulus for the pillars to withstand capillary drainage is given by 24 :
eqn. 7 demonstrates the possibility of the pattern collapse when the height l z or the gap between the pillars D increases, or when their diameter 2R decreases. The capillary force determines the smallest spacing of the pattern as a function of the aspect ratio d x ∝ γf 2 ar , 25 where the aspect ratio is given by f ar = l z /t with t being the wall thickness or rod diameter, depending on the pattern. Consequently, it is difficult to decrease the spacing of the high-aspect ratio structures without risk of deformations. The bending stiffness of the structures depends on their shape and size, for example, 3 
√
E/ and √ E/ for planes and rods, respectively. 19 Hence, for the same height of the structure, Young modulus, E, and mass density, , it is easier to buckle a plane than a rod. In photo-polymerized structures Young modulus is dependent on the exposure dose and post-exposure treatment, which determine the final degree of cross-linking.
16, 17
By controlling the evaporation the collapse of the pattern could be controlled. Distortions of patterns can be avoided altogether by applying super-critical drying (SCD) in wet processing. 26, 27 In a super-critical liquids the surface tension becomes negligible (γ → 0) and the capillary force vanishes. However, high pressure (1 − 10 MPa) and elevated temperatures (40 − 400
• C), are required, 28 depending on the solvent. Therefore this method not universally applicable for wet processing. For example, if SCD was to be used for isopropanol removal from developed SU-8 networks, temperature over 235.2
• C and pressure over 4.8 MPa would be required. 28 We have proposed an alternative to use an inherent hydrophobicity of polymers which facilitates reduction of capillary force and patterns of high aspect ratio can be recovered after wet processing in SU-8 resit. 
Holographic recording using a counter-propagating beam alignment
The main disadvantage of holographic patterns recorded using the DOE and scaling telescope in PhC applications is large difference in axial and lateral periods of the structures. This limitation is imposed by the allowed range of angles of incidence for the side beams. Even using oil-immersion objective lenses, the angular range of side beams is limited by the numerical aperture and entrance pupil diameter of the objective lens.
In order to solve this problem and reduce the axial period of photo-polymerized structures, we propose to use a counter-propagating geometry, in which two groups of beams arrive to the photosensitive region from opposite sides, as shown in Fig. 6(a) . Interference pattern of the counter-propagating beams has the smallest possible period of λ/2. Such configuration was considered earlier in photo-polymerization of nano-sheet materials.
22, 30
Fig. 6(a) also explains the mutual arrangement used for recording, in which two counter-propagating pairs of beams converge in horizontal and vertical planes, respectively. Numerical simulation of the light intensity distribution resulting from such arrangement is shown in Fig. 6 for the incidence angle of θ = 34
• with respect to the optical axis of the system. Such angle is technically achievable even with dry objective lens (NA < 1). The resulting structure has a body-centered tertagonal (bct) lattice symmetry. Figure 7 shows photonic band diagram expected for such structure. The band diagram reveals a photonic stop gap of about 20% (width-to-center ratio) along the Γ − Z direction, which is coincident with the optical axis of the setup used for recording.
CONCLUSIONS AND OUTLOOK
We demonstrate here that photo-polymerized structures can be used as micro-springs, stress-tunable photonic crystals, and that they behave mechanically as foams with elastic limit up to 10% of strain. Femtosecond laser microfabrication becomes a useful tool providing 3D structured cellular materials. Such materials can find applications in microfluidics, photonics, and micro-mechanical applications. Also, photo-polymerized 3D scaffolds can be used for regeneration of bio-materials and tissues.
We predict future use of such 3D structured materials in the fields where large surface-to-volume ratio is required. 3D patterns photo-polymerized by femtosecond laser beams (by the direct laser writing or holographically) can be coated by metals using the electro-less deposition to provide electric conductivity to the surface. Such funcionalized surfaces are prospective in fuel cell, super capacitor applications; for plasmonic applications surface could be coated by Cu, Ag, or Au. More details on the 3D femtosecond laser fabrication can be found in earlier 1 and recent reviews.
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